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A SUBSTITUTE FOR LITMUS FOR USE IN MILK 
CULTURES 


By Ws. MANSFIELD CLARK and HERBERT A. Luss, of the Research Laboratories, Dairy 
Division, Bureau of Animal Industry, United States Department of Agriculture 


The color changes which occur in litmus-milk cultures may be due not 
only to changes in the hydrogen-ion concentration of the medium but 
to reduction or even destruction of the dye. Thus, in any given case 
there may be obtained a composite picture which may happen to be 
more or less characteristic of a particular organism but which at the same 
time is difficult to analyze. It is not to be denied that such a complex 
picture may be of some value to a trained observer, but its complexity 
obscures that clear and simple view which should distinguish a good 
cultural test. 

Dibromoorthocresolsulfonphthalein, which the writers have described 
as a reliable and brilliant indicator for the colorimetric determination of 
hydrogen-ion concentration, is reduced with difficulty. In most cases 
it may be used even in the presence of active bacterial growths without 
being appreciably reduced, and it will therefore continue to show changes 
in the reaction of the medium without the confusing effect of reduction. 

For laboratory parlance the writers have suggested that dibromoortho- 
cresolsulfonphthalein be called ‘‘bromcresol purple.” Its preparation 
has been described in previous papers,’ and it may now be purchased 
in this country; but in purchasing this compound the full chemical name 
should always be used. For ordinary indicator purposes a 0.04 per cent 
aqueous solution of the monosodium salt is recommended, but as a stock 
solution for the present purpose a solution of the salt containing 0.5 
per cent of the acid is suggested. 

This solution may be prepared as follows: 0.5 gm. dibromoorthocresol- 
sulfonphthalein should be ground to a fine powder in a glass mortar and 
14 c. c. of N/ro sodium hydroxid added, and the mixture stirred well. 
This is approximately 1.5 equivalent parts of sodium hydroxid. The 
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mixture should be diluted to about go c. c. with distilled water, shaken 
until solution is complete, and then made up to 100 c. ¢c. with distilled 
water. The manufacturer should furnish material which when treated 
in this manner will provide a clear solution free from the odor of cresol. 

A satisfactory concentration for coloring milk is about 0.005 per cent, 
and is obtained by adding 10 c. c. of a 0.5 per cent solution to 1 liter of 
milk. Since the molecular weight of the sodium salt of dibromoortho- 
cresolsulfonphthalein is 562, the above-described concentration is 
approximately M/10,000. 

The color of milk containing about 0.005 per cent of bromcresol 
purple may be approximately described as a deep glaucous gray. After 
sterilization for 20 minutes at 15 pounds’ pressure, the color is a tea- 
green.2, When an alkali formation occurs, the color goes through a 
series of blues, while in the case of an acid fermentation the color changes 
to yellow. If the milk is digested, the color of the indicator stands 
out clearly, but it is difficult to describe by reason of the dichromatic 
nature of the transmitted light, which the writers have explained in a 
previous paper.® 

The cost of the new indicator is a factor which must be considered 
by those who use extensively an indicator in milk cultures. In 1916 
a manufacturer made for the writers some bromcresol purple at $2 a 
gram. At that price it costs 10 cents to color a liter of milk with the 
concentration of dye which is recommended. In the same year they pur- 
chased azolitmin at $5 an ounce. If that dye is used in the customary 
concentration of 0.1 per cent, it costs, at the price given above, about 
17% cents to color a liter of milk. Crude litmus is, of course, very much 
cheaper, but the quality purchasable is not very satisfactory. As is well 
known, litmus and azolitmin have lost prestige in the modern chemical 
laboratory, and for that reason there is little incentive for the manu- 
facturers to improve the quality of the samples placed on the market. 

It should be noted that the price paid for bromcresol purple was out 
of all proportion to the current costs of the raw materials at the time 
and to the cost of manufacture. It represents the trouble and risk in 
manufacturing and marketing a new product for which at the time the 
demand was very small. A fair estimate of the cost can not be made 
at present. 

When litmus milk is sterilized, the litmus undergoes a temporary 
reduction. In some laboratories whole milk is used for special pur- 
poses. In this case the cream layer which is formed delays the diffusion 
of oxygen, and the reoxidation of the dye becomes a slow process, involv- 
ing considerable delay in the use of the litmus-milk tubes. Bromcresol 
purple does not suffer such a reduction, and consequently milk tubes 
containing it are ready for use directly after sterilization. 


— _— |] 





1 Ripcway, Robert. COLOR STANDARDS AND COLOR NOMENCLATURE. Washington, D. C., 1902. 
2Idem. PI. 47. 
3C.arK, W. M., AND Luss, H. A. 1917. Op. cit. 
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The range of P, within which bromcresol purple exhibits its color 
changes is well suited to the P, values of milk cultures, which is not 
entirely true of litmus and azolitmin. There are found in the literature 
various directions for “‘adjusting the reaction”’ of milk in order to bring 
out a favorable color with litmus or azolitmin. 

Litmus is seldom pure, and even azolitmin has been reported to be of 
uncertain composition. Bromcresol purple can be obtained in crystalline 
form. When one considers the relatively high concentrations in which 
litmus must be used and the very high dilutions in which bromcresol 
purple is serviceable, it is evident that, if the introduction of impurities 
is to be avoided, the advantage of bromcresol purple is great. 

The impurity in a litmus preparation often changes the P, of the milk 
to which it is added. Because of considerable variation in the quantity 
of impurity, it is difficult to obtain the same color in different batches of 
litmus milk even when the milks, the actual concentration of dye, and 
the time and temperature of sterilization are constant. Since fresh 
milks are fairly constant in their initial P,, while litmus preparations 
have variable neutralizing power, Dr. P. Rupp, of the Dairy Division, 
has found it advisable to adjust the neutralizing power of the litmus 
solution rather than to attempt any adjustment of the P, of the 
milk either before or after the addition of the litmus solution. By this 
procedure he has been able to increase very materially the reproduci- 
bility of the color in litmus milk. 

Bromcresol purple is obtainable now in very pure form, and the 
ability of a low concentration of its sodium salt or of the acid itself 
to change the P, of milk is practically nil; consequently, when it is 
added to milk in the concentration recommended, no adjustment of the 
dye solution, of the milk, or of the mixture is necessary. 

Particular attention should be called to the fact that milk is not suited 
to accurate estimations of its hydrogen-ion concentrations by the colori- 
metric method. This is chiefly because the turbidity of milk is so intense 
that it can not be compensated for in making the comparisons with the 
clear, colorlessstandards. Thereis alsoa probable “protein” error. None 
of the methods which we have successfully applied to other colored and 
turbid-culture media has proved to be very successful when applied to 
milk. These considerations reduce but do not wholly destroy the value 
of comparative measurements. Even though a definite P, value can 
not be assigned to the reaction in any particular culture, the direction 
of the fermentation and, roughly, its intensity can still be determined. 

A much more serious aspect of the subject is the considerable change 
in P, which occurs when milk is sterilized and the consequent difficulty 
in reproducing a particular initial color in different batches. Quite 
aside from the temporary reduction which occurs when litmus milk is 
sterilized, there is a permanent color change which must be ascribed to 
the change in the hydrogen-ion concentration of the milk. A similar 
change in color will be observed when milks containing bromcresol 
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purple are sterilized. That this is due to change in hydrogen-ion con- 
centration is shown by the following experiment: Two equal portions of 
the same sample of fresh-skimmed milk were autoclaved, one sample with 
bromcresol purple present, the other with the indicator absent. After 
sterilization the uncolored sample received the same quantity of indicator 
that had been added to the first sample. The two samples of heated 
milk then had the same color. Both showed in like degree a change 
from the color of an unheated control containing the same concentration 
of indicator. The change in P,, which occurred during sterilization was 
measured by means of the hydrogen electrode. The value of the un- 
heated sample was P,=6.60, while that heated in the autoclave at 17 
pounds for 15 minutes was 6.36. When the unheated milk was acidified 
until its P,, value was close to that of the heated milk, the two samples 
matched almost perfectly in their color with bromcresol purple. 

These observations indicate quite conclusively that the color change 
which occurs when milk containing bromcresol purple is heated is due 
to a change in the hydrogen-ion concentration of the milk, and that it is 
not due to an alteration of the indicator itself. The same conclusion 
holds for the permanent color change in litmus milk. This is supported 
by the fact that the different degrees of color change which occur when 
milks are heated for a longer or shorter period or at higher or lower 
temperatures are proportional to the changes in hydrogen-ion concen- 
tration accompanying these treatments. It should be noted that in the 
more severely treated milks there is a coloration of the milk itself, which 
is superimposed upon the color of the indicator. 

It is also important to note that the changes in t e reaction of milks 
which are brought about by sterilization may be considerable. It 
has been stated above that a sample of milk with a P, value of 6.60 was 
changed to P, =6.36 during 15 minutes’ sterilization at 17 pounds’ steam 
pressure. A duplicate sample, when held for 15 minutes longer at that 
pressure, had a P, value of 6.13. What the variation may have been 
in milks of diverse qualities, treated with litmus solutions of various 
degrees of impurity, adjusted with different additions of alkali or acid, 
and heated at various pressures for different lengths of time, it is quite 
impossible to say. The variations may not have been important for 
crude cultural tests of most organisms, but in the study of certain ones 
it is entirely possible that at times the reaction was brought to the 
border of or placed outside the optimum range for growth. 

In the utilization of milk as a culture medium it may be foun advan- 
tageous in particular instances to adjust its initial P,, to some point other 
than that obtained in sterilized fresh milk. The writers have found, for 
instance, that if milk is to be brought to P, 7.0 when sterilized, brom- 
thymol blue is more serviceable than bromcresol purple. For most 
purposes it will be found advantageous to adhere to the use of fresh, 
unadjusted milk containing some definite quantity of bromcresol purple. 
If, then, the temperature and time of sterilization are kept constant, the 
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color of different batches will be reproducible. This implies that the 
initial P, will be the same in all cases. So far as this affects the growth 
and metabolism of a culture, it is important.that it should be repro- 
ducible, which it certainly is not when the procedures that have been 
used in the preparation of litmus milks are modified at will, with no very 
clear conception of the important aims. 

The possible usefulness of diluted milk has not been fully appreciated. 
While our own experiments have been very few, the writers think that 
one or two of the more general aspects of the subject are worthy of 
notice. 

Dilution of milk tends to raise the P,. In certain instances this may 
be a distinct advantage and a better way of adjustment than the addition 
of alkali. In one preliminary experiment it was found that the change 
in P, during the sterilization of a milk diluted five times was less than 
that in the undiluted sample. The most suggestive aspect of the subject 
is the relative buffer effects in diluted and undiluted milk. The buffer 
effect of milk is considerably higher than that of most culture media.' 
Consequently a culture must elaborate an unusual quantity of acid or 
alkali to induce a given change in P, and a consequent change in the color 
of an indicator. By diluting the milk the relative buffer effect is lowered, 
and a proportionally smaller degree of acid or alkali fermentation is 
required to induce a given change in the indicator color. Dilution also 
permits a better view of the color. 

Obviously such facts are not the only ones to be considered, and in lieu 
of sufficient data to permit a systematic treatment of the use of diluted 
milk, the writers will confine themselves to the presentation of a series 
of experiments with cultures in undiluted skim milk in which the rela- 
tive value of litmus and bromcresol purple was tested. 

The organisms used were several acid-forming cultures of Bacillus 
coli, B. aerogenes, B. bulgaricus, and streptococci, three alkali producers 
of Mr. S. H. Ayers, of the Dairy Division, some cultures of B. proteus, 
and the following pathogenic bacteria kindly sent to the writers by Prof. 
C. E. A. Winslow from the collection of the American Museum of Natural 
History: 


Bacillus paratyphi — No. 22 
Do. pes No. 323 
Do. ei No. 16 
Do. sad «i No. 294 
Bacillus typhi No. 607 
Do. No. 608 
Bacillus enteritides No. 18 
Do. No. 25 
Bacillus dysenteriae “Strong’’ No. 196 
Do. “Shiga’’ No. 197 
Do. “Flexner”? : No. 110 
Do. “‘Kruse’’ No. 121 





1CLARK, W.M. ‘THE REACTION” OF BACTERIOLOGIC CULTURE MEDIA. Jn Jour. Infect. Diseases, v. 17, 
no. 1, Pp. 109-136, 7 charts. 1915. 
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Observations were also made with a strain of the anthrax bacillus fur- 
nished by Dr. R. A. Kelser, of the Bureau of Animal Industry, and a 
strain of B. abortus given by Miss Alice C. Evans, of the Dairy Division. 

Observations were made at 20, 26, 48, and 72 hours after inoculation 
and from then on at various periods for a month. Incubation tempera- 
tures were appropriate to the organisms studied. 

It is almost impossible to describe the color of indicator solutions by 
means of Ridgway’s color charts,! and there are no standards which may 
be used satisfactorily with milk for determining colorimetrically Py 
values. The writers must therefore be content with saying that no change 
was observed in the litmus-milk cultures which could not be seen so well 
with milk colored with bromcresol purple. In a few instances a more 
rapid change was observed in one case than in another, but this may be 
ascribed either to the peculiarity of an individual culture or to a more 
favorable initial P, in the one case or the other. 

A noteworthy example of the higher value of bromcresol purple was 
observed when comparing cultures of B. coli, streptococci, and B. bul- 
garicus, As the senior writer noted in a former paper,’ B. coli cultures do 
not attain the same hydrogen-ion concentration in milk that they attain in 
other media. The writers now observe that even when they bring milk to 
the point of coagulation the bromcresol purple is left with a tinge of glau- 
cous gray. Streptococcus cultures which in milk arrive at a higher 
hydrogen-ion concentration give to the bromcresol purple a clear cream 
color. Cultures of B. bulgaricus produce so much higher reaction that 
the cream color of a streptococcus culture gives place to a maize-yellow.® 
So beautiful a graduation of color change is entirely lost in litmus 
cultures. 

In those cases in which a digestion of the milk occurs there is a very 
marked change in the quality of the color, owing to the fact that as 
turpidity is removed greater depth of the solution is observed, and, in- 
stead of the transmitted blue of the indicator being dominant, as it is 
in thin layers of solution, the transmitted red becomes more noticeable. 
This change may prove confusing to one who is unfamiliar with this 
indicator, but one who is familiar with its colors in various solutions and 
in the colorless standards of known Py, may still follow approximately 
the degree of alkali or acid production. 

The most noteworthy advantage of bromcresol purple observed in this 
series of comparative tests with litmus was found to be the resistance of 
the new indicator to reduction. In very few instances was any serious 
reduction or destruction detected. While litmus seemed to be decom- 
posed in a variety of ways with the production of mere muddy colors, in 
many instances bromcresol purple continued to indicate changes in Py, 





1 Ripcway, Robert. Op. cit. 
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as a good indicator should. This alone is a sufficient reason for recom- 
mending that it be substituted for litmus in milk cultures and in similar 
instances in which it is considered advisable to have an indicator present 
during a fermentation. 

SUMMARY 


The color changes which occur in litmus-milk cultures may be due to 
changes in the hydrogen-ion concentration of the medium or to reduction 
or even destruction of the dye. If it is the degree of acid or alkali fer- 
mentation which is sought, it is advisable to use an indicator which will 
not be affected except by a change in the hydrogen-ion concentration. 
Dibromoorthocresolsulfonphthalein, for which the short name bromcresol 
purple is suggested, fulfills this condition. 

Litmus undergoes a temporary reduction during sterilization in the 
presence of milk. Bromcresol purple does not. 

The coloring power of litmus is relatively weak; bromcresol purple in 
very high dilution is useful. 

Litmus and azolitmin are indicators of uncertain composition; brom- 
cresol purple is a definite individual compound obtainable in crystalline 
form and therefore reproducible. Its cost is not excessive. 

The impurities of litmus preparations vary in their effect upon the Py 
of milk and often necessitate elaborate adjustment either of the litmus 
solution, of the milk, or of the mixture if reproducible color is to be 
obtained. Bromcresol purple, on the other hand, may be used with the 
assurance that, if other conditions are constant, it will always produce 
the same coloration. 

Some of the difficulty experienced in reproducing a particular initial 
color with either indicator is shown to be due to the changes in Py which 
occur when milk is sterilized by heat. 

The comparative value of litmus and bromcresol purple in milk cul- 
tures was tested with a variety of organisms. It was found that no 
change in reaction could be observed with litmus which could not be 
followed equally well with bromcresol purple. In many instances litmus 
was rendered useless by reduction or destruction while bromcresol purple 
continued to act as a true indicator of the hydrogen-ion concentration. 























MOVEMENT AND DISTRIBUTION OF MOISTURE IN 
THE SOIL 


By F. S. Harris, Director and Agronomist, and H. W. Turpin, Fellow in Agronomy 
Uiah Agricultural Experiment Station * 


INTRODUCTION 


Ever since agriculture has been the subject of scientific study, soil 
moisture in its various relations has been given a great deal of attention. 
Following the tremendous development of the bulb industry in Holland 
during the seventeenth century, and in view of the classic experiment of 
Van Helmont, water was for a generation thought to be the “‘real food 
of plants” and practically the only substance absolutely necessary for 
their life. This idea naturally turned the attention of workers in agri- 
culture toward the moisture of the soil. 

Probably no other factor so often limits crop production as does soil 
moisture. It not only enters intimately into the plant as a food and a 
carrier of other foods, but it also is the means by which the foods of 
the soil are made available to the plant. In some cases it is the lack 
of moisture and in others the presence of excessive quantities that causes 
the difficulty. It is not often that a crop has, during its entire life, just 
the quantity of water that best serves its needs. 

In the present paper, in which the results of thousands of determina- 
tions are presented, an attempt has been made to throw light on a 
number of the important phases of soil-moisture movements. Prac- 
tically all these results are presented in diagrams which make relations 
more apparent than does the study of long tables. Much valuable 
experimental material is forever buried in complex tables because the 
figures are so difficult to analyze that the reader seldom sees more than 
the most apparent relationships. 


REVIEW OF LITERATURE 
“HISTORICAL DEVELOPMENT OF SOIL-MOISTURE STUDIES 


Opinions are at present not very concordant as to the extent of 
capillary movement in the soil and as to how the moisture finally dis- 
tributes itself under field conditions. 

The pioneer of soil-moisture work in America was King (13-15)? who, 
from field investigations during a number of years, concluded (16, p. 105) 
that “what evidence we have goes to show that subsoils 6 and 7 feet 





1 The authors wish to acknowledge their indebtedness to the various members of the staff of the 
Department of Agronomy who have contributed to this work in field, laboratory, and office. 
2 Reference is made by number to “‘ Literature cited,”’ p. 153-155. 
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below the surface may contribute large amounts of water * * * for 
the use of vegetation at the surface.’’ He (21) also found that the loss 
of moisture due to evaporation at the surface of columns of moist soil 
caused capillarity to act through a depth of ro feet in 10 days. 

From his studies with long columns of soil, King (20, 21) decided that 
the water in moist soils tends to distribute itself with the most moisture 
at the bottom of the column and the least above, regardless of the pre- 
vious distribution. 

The work of Briggs (4) and Briggs and Lapham (5), on the other 
hand, indicates that the final distribution leaves the most moisture 
nearest the source of supply and the least farthest away. They believe 
the movement to be due to the difference in the curvature of the soil- 
moisture films. The resistance of this film to a tangential shearing 
stress prevents an excessive thinning of the film, thereby checking the 
tendency for an equal distribution of water applied at a given point. 

The irrigation experiments of Loughridge (24) and Widtsoe and 
McLaughlin (32) show that most of the soil moisture is found nearest 
the source of supply, no matter in what direction the movement takes 
place. The latter investigators (32, p. 268) also found that ‘when 
water is abstracted from a soil the loss is felt to every depth reached by 
the soil augers.”’ 

That considerable movement of water takes place in moist soil was 
demonstrated by Alway and Clark (2), who found that loss of water 
from the surface of soil having but 12 per cent of moisture was felt to a 
depth of 3 feet. Lynde and Bates (25) and Lynde and Dupré (26) think 
that osmosis may cause a considerable movement of soil moisture. 

It has been demonstrated by Bouyoucos (3) that a change in tempera- 
ture will occasion a large movement of moisture in unsaturated soil. 

Burr (7) found that very little moisture was brought to plant roots by 
capillarity. Away from a source of soil water, in a soil partially dry, 
capillary movement was not detected. 


FORCES ACTING ON SOIL MOISTURE 


That discordant results in soil-moisture investigations should be found 
is not strange when it is remembered how complex is the soil itself and 
how many are the forces acting on soil moisture. 

Bouyoucos (3) has pointed out that soils have a great attractive and 
adhesive force for water. The moisture equivalents found by Briggs 
and McLane (6) give an idea of the magnitude of these forces. As has 
been stated, osmosis may play an important part in the movement of 
soil moisture. 

Viscosity, concentration of soil solution, surface tension, and moisture- 
film curvature are all important in soil-moisture movement, according to 
Briggs (4) and Briggs and Lapham (5). 
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EFFect OF MANURE 


Whitney (30) showed that manure lowers the surface tension of the 
water near the surface so that the moisture of the upper soil moves into 
the lower layers where the surface tension is greater. ‘The same author- 
ity (31) later concluded that the urine in the manure has a tendency to 
deflocculate the soil particles, thereby preventing the loss of moisture 
by downward movement. Experiments in the field and in cylinders by 
King (16) indicate that manure has considerable influence in increasing 
the water content of the soil, even down to a depth of 4 feet, and that this 
influence is still exerted a year after manuring. He (17) later states that 
the upper 3 feet of manured fallow land will contain much more moisture 
than corresponding depths of unmanured soil. He also shows that 
manure tends to decrease the water content of the second 3 feet in depth. 
Wetting the surface of sand with liquid leached from manure reduced 
the capillary rise by 16 inches and the rate of evaporation from the 
surface by 49.6 percent. Snyder (28) found that manuring increased the 
soil moisture during a period of drought. 


EFFECT OF CULTURAL METHODS 


King’s investigations (16) indicate that “thorough cultivation keeps 
the soil below the surface foot cooler, thereby materially increasing the 
capillary power. The capillary force being stronger, the soil moisture 
is moved upward faster and through longer distances.”” He (18) also 
found the soil below a 3-inch cultivation to be more moist than that 
below a 1.5-inch cultivation, although the third and fourth feet showed 
reversed results. Experiments by Chilcott and Holm (9) confirm 
King’s results. King’s laboratory experiments (22) show a 1-inch 
cultivation to be the most effective for checking evaporation. 

Field investigations by Kedzie (12) indicate that to a depth of 16 
inches cultivated plots had 3 per cent more moisture than naked fallow, 
and that during a period of drought the former actually gained 2 per 
cent of moisture in the top foot. 

Late in the season Hays and Smith (10) found the cultivated plots had 
no more moisture than the uncultivated fallow. The soil under straw 
mulches 4 inches deep contained 5 per cent more moisture than bare 
fallow. Cardon (8) observed no advantage in deep plowing or subsoiling 
over shallow plowing, so far as moisture conservation was concerned. 
Cultivated fall-plowed fallow maintained practically the same water 
content throughout the season, while in fall-plowed uncultivated plots 
water rapidly decreased, owing to winds. Spring-plowed cultivated fallow 
showed no difference in water content when compared with uncultivated 
spring-plowed plots in which the weeds were killed by spring plowing. 

The work of Burr (7) showed that the effectiveness of summer tillage 
depended on the presence or absence of a growing crop, and weeds cause 
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a greater loss of soil moisture than evaporation from a bare soil. Small 
grains were found to dry out the soil more completely than cultivated 
crops. He found straw mulches, deep cultivation, and shallow culti- 
vation to rank in efficiency in the order named. Rain water penetrated 
more rapidly into a wet than into a dry soil, the latter being wetted to a 
depth of 6 inches by 1 inch of rain. 


EFFECT OF IRRIGATION 


The distribution of soil moisture following an irrigation or rainfall 
has been studied by many investigators. King (14) observed a very 
slow rate of penetration in a gravelly clay after 1.4 inches of rain, and 
the lateral movement did not exceed 3 feet. Loughridge (24), working 
with sandy loam, found the downward movement of irrigation water 
very irregular in its rate and in the amount retained at various depths. 
The lateral movement of water from the furrows did not exceed 2 feet, 
and the relative proportion of dry soil to that wetted decreased with 
the depth at first, then increased. 

Elaborate experiments by Widtsoe and McLaughlin (32) brought out 
the following: Irrigation water penetrates very rapidly to a depth of 
6 feet; with any amount of irrigation the percentage distribution is 
always the same for each foot shortly after irrigation; it is believed that 
in an unsaturated soil where fj is the percentage of water at the depth 
indicated by d (d,=1 foot deep), and K is the percentage of water 
which must be satisfied before rapid movement will take place, the fol- 
lowing law holds for the distribution of moisture in a uniform soil: 


({—K) d=(j,—K) d,=(j,—K) d, =constant. 


x 

The lateral movement of water increases with depth; in Greenville 
loam the movement of water is slow, with less than 12.75 per cent of mois- 
ture. Experiments by Allen (1) indicate that with 2.5- , 5.0- , and 10-inch 
irrigations the same amount of water is retained in the upper 4 feet of soil 
after 24 hours. 

Errecr or Son, Type 

Briggs (4) has pointed out that coarse and fine soils having the same’ 
percentage of water will not be in moisture equilibrium. Such soils when 
brought together would experience a movement from the coarse into the 
fine soil. King’s percolation experiments (19, 20, 21) with long columns 
of sand showed that sand will retain very little capillary moisture— 
sometimes less than 2 per cent. Reynolds (27), Hilgard (11), Tulaykov 
(29), Willard and Humbert (33), and Wollny (34) agree that the capillary 
rise is always least in the coarse soil and greatest in fine soils, but the 
rate of rise at first is directly proportional to the coarseness of the parti- 
cles. Later the reverse is true. 
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Errect oF INITIAL PERCENTAGE AND GRAVITY 


Briggs and Lapham (5) found the rise of moisture was 4.5 times greater 
in a moist than in a dry soil, while Krakov (23) showed the rapidity and 
height of capillary rise to be inversely as the soil moisture. Wollny (35) 
declares that capillary rise and percolation of water in the soil declines 
in rate as the water content of the soil diminishes. Krakov (23), as 
well as Alway and Clark (2), has shown that moisture moves more 
rapidly through the soil when assisted by gravity than when moving 
upward against it. 

FIELD STUDIES 
CROPPED AND FALLOW SOILS 


UNDER IRRIGATION 


This experiment was conducted from 1913 to 1915, inclusive, on the 
Greenville Experiment Farm at North Logan, Utah. The plots used for 
the experiment were 61 G to 73 G, each of which was subdivided into 6 
parts receiving different treatments. As divided, there were 36 subplots 
cropped to corn and 42 uncropped, each containing the irrigation and 
manuring treatments divided as much alike as possible. Fairly well 
rotted cow and horse manure was applied to the manured plots early in 
the spring, and later it was disked and plowed in. 

The quantity of irrigation water varied from none to 40 inches and was 
applied from wooden flumes as follows: 

For cropped plots receiving 5 inches, 2% inches each at beginning of tasseling and 
roasting-ear stage. 

For plots receiving 10 inches, 5 inches each at the above stages. 

For plots receiving 20 inches, 5 inches each when the plants were 12 inches high, at 
the beginning of tassel, at bloom, and at roasting-ear stage. 

For plots receiving 30 inches, 5 inches each when plants were 12 inches high, 10 
days later, at beginning of tassel, at bloom, at roasting-ear stage, and 10 days later. 

For plots receiving 40 inches, applications began when plants were 12 inches high, 
and 5 inches were applied each week until all the water was added. The fallow 
plots were irrigated at the same times as the cropped. 

A detailed description of the treatment of these plots may be had in Bulletin 133 
of the Utah Experiment Station. 

In this experiment the plots were sampled in the fall to compare the 
effect of the corn and fallow on the final distribution of moisture. The 
samples were taken in 1-foot sections with a soil auger, each plot being 
sampled in three places. These were then mixed into a composite sample.’ 

Figure 1 gives the average distribution of moisture to 10 feet in depth 
for all fallow and cropped plots for the 3-year period. From this figure 
it will be seen that the fallow has considerably more moisture in the 
upper 7 feet than the cropped, particularly in the sixth and seventh feet, 





1 For a detailed study of the methods used in sampling, the reader is referred to Bulletin 115 of the 
Utah Experiment Station (32). 
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with a gradual decrease in this difference toward the surface. Below 
7 feet, however, the cropped plots show a larger content than the fallow 
ones. The larger difference in moisture content between cropped and 
fallow plots in the upper layers of soil is readily explained by the fact 
that the crop draws most water from that zone. The action of the crop 
in lowering the moisture content of the soil is quite distinct although 
rather peculiar. 

The lowest moisture content is found in the cropped plots in the fifth 
and sixth feet, with an increase below and above that depth. In the 
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Fic. 1.—Diagram showing the effect of cropping and fallowing under irrigation on the distribution of soil 
moisture in the fall to a depth of 10 feet. Average of three years. 
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fallow, on the other hand, it is in the sixth and seventh feet that the 


largest moisture content is found, a rapid decrease taking place below 
that depth. 
UNDER Dry-FaRMING 

This test was carried out at the Nephi Substation between the years 
1908 and 1912, inclusive. Cropped plots which were devoted to a 
rotation including corn, peas, potatoes, and wheat are here compared 
with fallow plots rotated with wheat. Except for the wheat, all plots 
were cultivated, so that the cropped plots are strictly comparable with 
the fallow ones. 

The plots were sampled in duplicate in the spring about May 21, in 
the summer about June 16 and July 21, and in the fall about the first 
week in October. 
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The results of the 5-year averages for the corn, peas, and potatoes 
and the fallow are presented in figure 2, giving the distribution of 
moisture by foot sections for the four periods. 

The figure shows that during the spring, until after June 16, there 
was little difference between the moisture in the fallow and cropped 
plots, but thereafter 
the difference was in 
favor of the fallow. 
In October every foot 
in depth of the fallow 
had a higher moisture 
content than the 
cropped soil. For all 
periods the least mois- 
ture was found in the 
first, the fourth, and 
the fifth feet. The 
first foot is the only 
one showing much 
variation in moisture 
during the season. In 
all cases the fluctua- 
tion in the fallow was 
less than that in the 
cropped soil. As an 
average for all feet the 
moisture at the end of 
the season was only 
slightly less than that 
in the spring. 
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years 1909 to I 914, Fe. 2.—Diagram showing the effect of intertilled cropping and fallow- 

inclusive, on the plots ing under dry-farming conditions on the seasonal distribution of 
‘ ; moisture in the soil to a depth of 6feet. Average of five years. 

described in the ex- . : 


periment on the effect of cropping and fallowing. The samplings in this 
case were taken but three times: Once in the spring, once in the summer, 
and once in the fall. 

In figure 3 is presented the average moisture distribution for corn, 
potatoes, peas, and wheat in the spring, summer, and fall for six years. 
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In the spring there was scarcely any difference between the moisture 
contents in the different cropped plots, wheat, if anything, having the 
most and corn the least moisture. The wheat plot had the least quan- 
tity of water in the summer period, corn, peas, and potatoes following 
in order. In the fall, although there had been a considerable loss since 
summer, the general relationship was the same except that the plot in 
potatoes had lost a little more moisture than that in peas. 

As the season progressed, the moisture in the wheat plot tended to 
distribute itself, with the largest content at the sixth foot and the least 
near the surface. This was also the case with the corn and potatoes, 
but was not so evident with the pea plot. 


Percentage of moisture at differen? dates in cropped plats 
SPRING SUMMER FALL 
— a a oe eT a a s head, aft ie ae 2 C3 es 0 a FF 


















I 








Mer. 
~~ ®BAWNAS. 


Depth.in 
aGAWAN 





/ 
2 
3 
5 
“ 














Fic. 3.—Diagram showing the effect of different crops under dry-farming conditions on the seasonal 
distribution of moisture in the soil to a depth of 6 feet. Average of six years. 


The middle sections of the soil in the spring had the most water, with 
the least in the first and fifth feet. This distribution was found in 
the summer for all plots except the wheat, where the moisture increased 
gradually with depth. In the fall the moisture in the wheat and corn 
plots increased with depth, while the peas and potatoes showed the same 
relation between the moisture of each foot that they did in the spring. 
All plots had the greatest loss of moisture in the first and second feet 
with least in the fifth and sixth. 


EFFECT OF MANURE UNDER IRRIGATION 


Studies of the influence of manure were made for the three years from 
1913 to 1915, inclusive, on the same plots of the Greenville Farm de- 
scribed in the experiment on the effect of cropping and fallowing under 
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irrigation conditions. The quantities of manure applied were none, 
5 tons, and 15 tons. 

Figure 4 gives the effect of these quantities of manure on the moisture 
in the fall to a depth of 10 feet. This figure brings out a remarkable 
difference between the manured and unmanured plots. For the un- 
manured plots, both cropped and fallow, the moisture approached a 
maximum in the second, third, sixth, and seventh feet, with a rapid 
decrease to the tenth foot. In the manured fallow soil the maximum 
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Fic. 4.—Diagram showing the effect of different applications of manure to irrigated soils on the distribution 
of moisture in the fall to a depth of 6 feet. Average of three years. 


moisture occurred at the same depths as in the unmanured soil, but the . 
eighth instead of the tenth foot had least. 

The cropped manured plots showed the moisture to decrease rapidly 
from the surface to the sixth foot, after which it increased until at the 
tenth foot in the 5-ton plot there was more moisture than at any other 
depth. The unmanured plot showed a much higher average moisture 
content than the 5-ton plot and about the same as the one that received 
the 15 tons. The variation between the moisture in cropped and fallow 
soils was greatest in the 5-ton plot and least in the unmanured, the 
greatest differences occurring in the fifth, sixth, and seventh feet in 
the manured, and in the top few feet of the unmanured plots, 
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At the seventh and ninth feet of the unmanured plots, the cropped 

soil had more moisture than the fallow, while on the manured plots the 

cropped exceeded the 

Percentage. messin, wht tallow in the <gith, 

WIS 6 ninth, and tenth feet. 

Manuring did not have 

as marked an effect on 

the moisture in the 

fallow soil as it did in 
the cropped. 
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In figure 5 is shown 
the fall distribution of 
moisture after no irri- 
gation and the appli- 
cation of 5, 20, and 40 
inches of water in crop- 
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to a depth of 10 feet. 
From the figure it will 
be noticed that the 
moisture in both the 
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increase in irrigation. 

Where no water was applied, the moisture in the cropped plots de- 
creased with depth to the fourth foot and then increased. In the cropped 
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plots receiving 5 inches of water this increase began after the sixth foot, 
while in those receiving 20 and 40 inches there was an increase in moisture 
from the surface to the third foot, then a decrease until the sixth foot, 
before the rise. 

The fallow plots showed no marked variation in the percentage of 
moisture of the first 7 feet, but there was a sudden decrease from the 
seventh to the eighth, ninth, and tenth feet for all quantities of irrigation 
water. 

The third and sixth feet in the fallow plots were highest in moisture 
for all irrigations. 
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Fic. 6.—Diagram showing the effect of different quantities of irrigation water on the average final water 
content in 10 feet of soil in the fall in cropped and fallow plots. Average of three years. 


The great variation in the moisture of the cropped soils receiving 
small applications of water was, of course, due to the withdrawal of 
moisture from the upper few feet by the crop. This loss is much less 
noticeable in the heavily irrigated soils. 

Figure 6, derived from the same data as figure 5, shows the variation 
in the moisture content of the first 10 feet of cropped and fallow plots 
receiving different quantities of water. 

That the first 5 inches of irrigation produced the greatest increase of 
moisture, and that each successive increase of 10 inches of water pro- 
duced smaller increases in the moisture content of both cropped and 
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fallow plots is made clear by the graph. The difference between the 
moisture in cropped and fallow soils decreased with the larger appli- 
cations of water. 


DISTRIBUTION ONE WEEK AFTER IRRIGATION IN BEET AND Potato PiLots 


These data were secured from the unmanured plots 41 F to 45 F and 
61 F to 65 F on the Greenville Farm during 1912 and 1913. Plots 41 F 
Percentages of moisture with flea fowen hs Fee 
ifferent_irrigations F were irrigated weekly 
S5SETEIWU RISMIIEM with applications of 1, 

2%, 5, and 71% inches, 
respectively, while 45 
F and 65 F were unirri- 
gated. Samples of the 
soil were taken imme- 
diately before irrigation 
and 24 hours after, each 
plot being sampled in 
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the moisture in the po- 
tato plots receiving no irrigation, there was a marked tendency for 
the water to accumulate in the second, third, fourth, ninth, and tenth 
feet, with a depression at medium depths. 
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The difference between the moisture in the beet and the potato soil was 
not great except in the plots receiving no water and 21% inches. Beets 
drew heavily on the water of the fourth, fifth, and sixth feet, while 
potatoes took more from the lower depths of the unirrigated soil. In 
nearly all depths for the 24-inch irrigation the potatoes used more water 
than did the beets. 


DISTRIBUTION BEFORE AND AFTER IRRIGATION 


Figure 8, showing the distribution of moisture immediately before 
and 24 hours after irrigation of 1,214, 5, and 7% inches, was taken from 
plots 41 F to 45 F and 61 F to 65 F, described in the above experiment. 
The results are averages of several tests in 1912 and 1913. 

This graph strikingly indicates the rapidity of moisture movements. 
With a slight exception in the case of the 2!4-inch watering, there was an 
appreciable increase in the soil moisture to a considerable depth within 
24 hours after the application of from 1 to 7% inches of water. Most of 
the moisture, however, was retained in the first 4 feet, below which 
there was an irregular decrease with depth. 

Before and after irrigation the water in the soil tended to accumulate 
in the first 3 and the last 3 feet. This distribution is most evident where 
small irrigations were given, for with the larger applications the moisture 
tended to decrease irregularly with depth. 


EFFECT OF MULCHES 
UNDER IRRIGATION 


This was a study on the Greenville Farm in 1913 of a fallow plot receiv- 
ing different cultural treatments. On June 12 and on August 7 and 27, 
5-inch applications of irrigation water were given the soil. The plot 
was divided into three equal parts; one part was left unmulched with 
' the weeds pulled, another received a 2-inch straw mulch, and the third 

was cultivated 2 inches deep. 

Samples of the soil were taken on July 16, August 8, 15, 22, 28, and 
September 10, 1913. Figure 9 shows the distribution of moisture under 
the different mulches as found by averaging all these samplings. It 

‘ will be noticed that the moisture under all treatments increased from 
the surface down to the third foot, after which there was a decrease to 
the ninth foot. 

The 2-inch straw mulch showed the highest percentage of water for 
all depths except the tenth foot, while the unmulched soil with weeds 
pulled had the least moisture, except in the eighth foot. There was 
about the same difference between the 2-inch straw mulch and the 2-inch 
cultivation as there was between the latter and unmulched soil, at 
least in the upper soil layers. The lower depths showed less difference. 
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Percentage of moisture in the soil 
with different irrigations 
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Fic. 8.—Diagram showing the effect of different quantities of irrigation water on the distribution of 
moisture before and after irrigation to a depth of ro feet. Average of two years. 
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UNDER Dry-FARMING 


The mulch experiments at the Nephi Substation were made as follows: 
A duplicate series of one-tenth-acre plots was selected, each series in- 
cluding 12 different treatments. These two series of plots, which had 
previously been in wheat, were treated as shown in Table I. 
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Fic. 9.—Diagram showing the effect of mulches under irrigation on the distribution of soil moisture to a 








depth of 10 feet. 
TaBLE I.—Treatment of duplicate series of one-tenth-acre plots previously in wheat at 
Nephi Substation 
Plot. 
aoe Treatment. 
Series | Series 
A. B. 

° 11 | Never plowed; weeds pulled or hoed. 

I 10 | Fall-plowed; straw mulch. 

2 9 | Fall-plowed and subsoiled (18 inches); muiched, 4 inches, 
3 8 | Fall-plowed; disked once in spring. 

4 7 | Fall-plowed; weeds pulled. 

5 6 | Fall-plowed; mulched 2 inches. 

6 5 | Fall-plowed; mulched 4 inches. 

7 4 | Fall-plowed; mulched 6 inches. 

8 3 | Spring-plowed; weeds pulled. 

9 2 | Spring-plowed; mulched 2 inches. 

10 1 | Spring-plowed; mulched 4 inches. 

II o | Spring-plowed; mulched 6 inches. 
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In order to maintain the earth mulches according to the plan, the 
plots were harrowed with a spike-tooth harrow as soon after a rain as 
convenient and at such times as the land seemed to warrant harrowing. 
The plots were kept as free from weeds as possible by hoeing whenever 
weeds appeared. 

In order to find the fluctuation in the moisture content, the plots 
were sampled as frequently as the determinations could be made— 
about every 10 days. The samples were taken in foot sections with a 
6-foot King tube and 
immediately placed in 
sample cans provided 
with tight-fitting lids. 
For every determina- 
tion each plot was sam- 
pled in duplicate, one 
sample being taken a 
fourth of the way from 
the east side of the plot 
and the other at a 
corresponding distance 
from the west side. 

The plots were sam- 
pled between May 22 
and 29, June 6 and 10, 
June 16 and 19, June 
26 and 29, July 12 and 
15, July 17 and 19, July 
27 and 29, August 7 
and 9, August 17 and 
19, and August 28 and 
30,1916. Inall, 2,880 
samples were taken. 

In figure 10, which 


Fic. 10.—Diagram showing the effect of mulches under dry-farming §1VCS the average per 
conditions on the average distribution of soil moisture to a depth of centage of moisture 
6 feet. 
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from the season’s work, 
the most striking point shown is that the effeet of mulches under dry- 
farm conditions is not apparent below the third foot. The straw mulch 
was much more efficient in preserving the moisture of the top feet than 
the 2-inch cultivation; in fact, the latter is hardly better than no mulch. 


EFFECT OF CULTURAL METHODS 


CULTURAL EXPERIMENTS AT NEPHI IN 1916 


The data for this discussion were taken from the experiment on the 
effect of mulches under dry-farming conditions. In figure 11 are pre- 
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sented the averages of the 10 samplings for each of the first 6 feet through- 
out the season of 1916. Each column is the average of 240 samples. 

The 4-inch straw mulch on the fall-plowed land prevented moisture loss 
better than other treatments, while the plot that was not plowed but had 
the weeds pulled was next in efficiency. Disking fall-plowed land once in 
the spring and cultivating spring-plowed land 6 inches deep proved to be 
the best cultural methods under fall and spring plowing, respectively. 

The efficiency of spring-plowed plots in moisture conservation in- 
creased with the increased depth of cultivation, while in the fall-plowed 
plots the reverse is indicated.’ Since even the uncultivated soils main- 
tained an average moisture content of about 19 per cent throughout the 
season, the importance of cultivation on land kept free from weeds was 
not so great for this year as might have been expected. 
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Fic. 11.—Diagram showing the effect of cultural methods under dry-farming conditions on theaw erage 
final content of moisture in the soil to a depth of 6 feet. Each column is an average of 240 samplings. 


CuLTURAL EXPERIMENTS AT NEPHI BETWEEN 1909 AND 1910, 


This cultural experiment at the Nephi Substation was conducted dur- 
ing the eight years from 1909 to 1916, inclusive. All spring- and all fall- 
plowed fallow plots were sampled in duvlicate to a depth of 6 feet in the 
spring, the summer, and the fall. 

From figure 12 a rather pronounced difference is seen between the dis- 
tribution in the fall- and spring-plowed plots. In the former the top foot 
had the least moisture and the second foot the most, with a decline from 
this to the fifth foot. The spring-plowed plots, on the other hand, showed 
an increase downward from the surface to the fourth foot before the de- 
cline began. Except in the first and second feet in the spring, the spring- 
plowed plots had more moisture than the fall-plowed ones. This differ- 
ence in favor of spring plowing was most marked in the third, fourth, and 
fifth feet. It would seem from this that fall-plowed soils tend to hold 
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the moisture in the upper 2 feet and prevent its rapid descent into the 
lower soil layers. This allows much of the moisture to be lost by evapo- 
ration; hence, the lower layers remain drier than the corresponding layers 
of spring-plowed soil. 
EFFECT OF PRECIPITATION 
The data presented in figure 13, showing the effect of the season on the 
distribution of soil moisture, were obtained from the experiment on the 
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Fic. 12.—Diagram showing the effect of spring and fall plowing under dry-farming conditions on the dis- 
tribution of moisture in the spring, summer, and fall toa depth of 6feet. Average of eight years. 


effect of mulches under dry-farming conditions at Nephi presented in 
figures 10 and 11. 


Each column in the figure is the average of the moisture in the 24 plots 
receiving the 12 treatments described in the above experiment . 
The rainfall throughout this period is in Table II. 


TaBLE II.—Rainfall (in inches) at Nephi Substation from May 19 to August 10, 1916, 
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«@ There was no precipitation in June. 
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Figure 13 shows that in all depths the moisture decreased from May 
22 to 29 to July 12 to 15, after which it increased because of the rainfall 
prior to the samplings on July 27 to 29 and August 7 to 9. It will be 
noticed, however, that precipitations as small as o.10 of an inch in early 
July and middle August did not affect the moisture content of even the 
first foot. From these dates until August 28 to 30 the percentage of 
moisture decreased. The variations mentioned were very marked in the 
first foot and, although there is a similar fluctuation in every foot, a 
decrease with increase in depth is noticed until at the sixth foot the 
influence of the season was very slight. Evidently a loss or a gain in the 
surface foot very soon disturbed the moisture equilibrium to a depth of 
6 feet, due to the action of capillarity. 
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Fic. 13.—Diagram showing the effect of dry-farming seasonal conditions on the distribution of moisture 
in fallow soil to a depth of 6 feet on (1) May 22-29, (2) June 6-10, (3) June 16-20, (4) June 26-28, (5) July 
12-15, (6) July 17-19, (7) July 27-29, (8) August 7-9, (9) August 17-19, (10) August 28-30, 1916. The num- 
bers 1 to 10, etc., refer to the columns in the diagram, which were sampled on the dates noted. Each 
columa is the average of 24 samplings. 


LABORATORY STUDIES 
EFFECT OF INITIAL PERCENTAGE OF SOIL MOISTURE 
Errect oN UpwarpD CAPILLARY MOVEMENT 


In order to study the effect of the initial percentage of moisture in 
the soil on the upward capillary movement of water, jointed brass tubes 
8 inches long and 14 inches in diameter were filled with Greenville loam 
containing, respectively, 244, 5, 10, 15, and 20 per cent of moisture. 
For each test, columns made by screwing together three of the brass 
tubes were used. These tubes were held upright in a few inches of water for 
periods of 24, 48, 72, and 120 hours, at the end of which they were taken 
down and the percentage of moisture determined for each 8-inch section. 

In figure 14 the results of this experiment are recorded. The columns 
in the figure are in the positions the soils were in the experiment, the 
lowest one being in contact with the water. 
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With a few exceptions, every initial percentage in the figure indicates 
that for each successive 24-hour period after the first the moisture in 
the middle and top sections increased, while that of the section in con- 
tact with the moisture increased little during 120 hours. Although the 
moisture in the top sections was considerably less than the others after 
the first 24 hours, at the end of 120 hours there was a tendency for all 
three sections to contain the same percentage of moisture. 

Soil having the lowest initial percentage of moisture showed the great-. 
est variation between the section farthest from the source of moisture 
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Fic. 14.—Diagram showing the effect of the initial percentage of moisture and time on the upward capil- 
lary movement of water. 


and that in contact with the water after 24 hours, while the reverse is 
shown after 120 hours. 

The irregularities noticed throughout the figure are thought to be due 
to differences in compacting the soils in the tubes, great difficulty being 
experienced in putting the same dry weight of soils ia the same space of 
the tubes. Despite experimental error, the data seem worthy of pre- 
sentation. 

EFFECT ON DOWNWARD MOVEMENT OF MOISTURE 


In order to observe the downward movement of moisture in soil of dif- 
ferent initial percentages, tubes of Greenville loam made up to 2%, 5, 10, 
15, and 20 per cent of moisture, respectively, exactly as in the last experi- 
ment, were used. The water in this case, however, was applied to the 
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top sections in quantities corresponding to irrigations of 5, 8.66, and 15 
inches. Surface evaporation was prevented by covering the open ends. 
To determine the moisture in the different sections, the sets were taken 
down 1, 2, 3, 5, and ro days after the application of water. 

These results are recorded in figures 15 and 16. It will be noticed 
from figure 15 that during the 10 days after the application of an 8.66- 
inch irrigation a considerable amount of ‘moisture was drawn from the 
section receiving the water into the lower sections for every initial per- 
centage. The two lower sections of the soil with 214 per cent of moisture 
and the sixth section of the 5 per cent soil had not been changed after 
standing 1odays. The most rapid downward movement, as indicated by 


Percentage of moisture in 3o0:l after downward movement for varens gawd 
a J s 









Jo 40 £0 “¢ Je 


RQAGK 


luteal reisture 


HLAGCn~ 


@L4GQNS 


Initial moisture 15 


aeGens 


initial moisture 20% 


Depth insections from point of applications of water 


ROGAN 


Fic. 15.—Diagram showing the effect of the initial percentage of moisture and time on the downward 
movement of water after an 8.66-inch irrigation. 

the increase in moisture in the lower sections, is found in the soil having 

the greatest initial moisture content. 

The figure shows practically no difference in the percentage of water in 
the soils with a high initial percentage of moisture after 10 days, but there 
was a marked difference in the drier columns of soil. 

In figure 16 is presented the average distribution of moisture in the 
first 10 days after irrigation. It will be noticed from the figure that with 
an increase in initial percentage above 5 per cent there was a very rapid 
increase in the depth of penetration, the increase being most marked in 
the columns receiving the largest application of water. 

In the drier soils the larger irrigation increased the moisture of the top 
sections more than the smaller, but the difference was not so noticeable 
in the soils having a 20 per cent initial content. This can readily be 
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accounted for by assuming that the large application of water to the 
already wet soil would more than satisfy the capillary demand of the soil, 
and consequently the excess water would penetrate rapidly downward, 
leaving the two surfaces equally moist. In all initial percentages and for 
all irrigations the moisture content decreased with depth from the point 
of application of the water. 
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Fic. 16.—Diagram showing the effect of the initial percentage of moisture on the downward distribution of 
moisture in soils after the application of varying quantities of irrigation water. 


EFFECT ON THE HorizonTAL DISTRIBUTION OF MOISTURE 


DETERMINED BY WEIGHING ONE END OF A COLUMN OF SOIL 


Ten brass tubes similar to those previously described were filled with 
Greenville loam containing 24.36 per cent of moisture, the soil being com- 
pacted by pressing layers of equal thickness into the tubes. Similar 
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tubes were then filled in duplicate with the soil containing 3.65, 5.30, 6.52, 
and 8.24 per cent of moisture. 

The wet and dry sets of tubes were then brought into contact with 
each other by means of collars, a good contact being secured by bulging 
the soil in each tube slightly above the top. The open ends of the tubes 
were then made air-tight by sealing with corks that had been dipped in 
paraffin. In this manner an 8-inch column of wet soil was in contact 
with an 8-inch column of drier soil. In order to study the movement of 
water in these soils, a loop was attached to the corks at each end of the 
tube, care being taken that each loop was equidistant from the center 
of the tube. The tubes were then suspended horizontally from hooks 
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Fic. 17.—Diagram showing the effect of varying initial percentages of water on the horizontal distribution 
of moisture in drier soils in contact with a wet soil having 24.36 per cent of water. The top line of each 
series represents the original distribution. 


by the loop at the wet ends, while the loops at the drier ends of the col- 
umns were attached to one arm of a balance. 

As moisture moved from the wet into the drier soil the equilibrium of 
the balance was disturbed and more weights were added. The weights 
added at the end of each week were recorded during the period from 
March 22 to September 6, 1916. 

The results of the experiments are found in figure 17, which shows the 
relative loss in the wet and the corresponding gain in the drier soil at the 
end of weekly intervals. 

It will be noticed that during the first two weeks the soil that was 
wettest at the beginning gained less water than the others. From the 
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third week to the twenty-second the gain in the dry soils decreased as the 
initial percentage increased, although for the first three weeks the soil 
with 6.52 per cent of moisture gained most and that with an initial per- 
centage of 8.24 gained the least water. In the soil having 8.24 per cent 
there was hardly any appreciable gain after the sixth week. It is prob- 
able that on account of the greater ease with which the moisture moves 
through the moist soil such soil has its capillary demands satisfied before 
the drier one, and consequently movement takes place for a longer time 
in the drier soil. 
Relative distribution of moisture at various times 
In wet section /n section 
24 36 JES Z 


S QUAGWAHLS 


NDGA 


Zime tn weeks after seffing up 
NOV Wns 


NQNVUAWINS 





Line of separation between wet dnd dry soils 


Fic. 18.—Diagram showing the effect of varying initial percentages of water on the horizonal distribution 
of moisture in drier soils in contact with a wet soil having 24.36 per cent of water. The top line of each 
series represents the original distribution. 


DETERMINED BY THE DEFLECTION OF ONE END OF A LARGE SOIL COLUMN 


In this study the moist soil was placed in 6-inch glass tubes having 
diameters of 34 inch. ‘The wet soil in the one tube was held in contact 
with the drier soil in the other by connecting the tubes with celluloid. 
The soil used and the moisture contents for the standard wet soil and the 
drier soil were exactly the same as in the last experiment. 

The columns formed by the tubes of wet and dry soils in contact were 
suspended from their centers by pieces of string and were then brought 
into an exactly horizontal position by adding weights to the lighter ends, 
A pin was then attached to the end of the tube containing the moist soil, 
so that as the moisture moved into the drier soil the moist end swung up 
and scratched the paraffined surface of a glass plate. Records of these 
scratches were made weekly throughout the experiment, which lasted 
from March 21 to May 8, 1916. 
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Figure 18 represents the relative weekly losses in the wet soils and 
gains in the drier soils of this experiment. During the first week the 
gain increased with the increased initial percentage, but thereafter the 
reverse was true, very little gain taking place in the soil having 8.24 per 
cent of water after the first week. 


DETERMINED BY THE DEFLECTION OF ONE END OF A SMALL COLUMN OF SOIL 


This experimient is essentially a duplication of the last one except that 
6-inch test tubes were used instead of 8-inch colorimeter tubes and that 
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Fic. 19.—Diagram showing the effect of varying initial percentages of water on the horizontal distribu- 
tion of moisture in drier soils in contact with a wet soil having 28.44 per cent of water. The top line of 
each sgries represents the original distribution. 


the standard wet soil contained 28.44 per cent of moisture, while the 
drier soils had 7.40, 8.68, 10.30, 12.54, 13.08, and 14.79 per cent of water, 
respectively. This test lasted from April 5 to May 22, 1916, the record 
being made as in the previous experiment. 

In figure 19 are given the relative weekly losses in the wet and gains 
in the drier soils. Although the soils with initial percentages of 8.68 
and 12.54 are exceptions, the gain in weight for the first week decreased 
with an increase in the initial percentage. After the first week the gain 
decreased more uniformly with the increasing initial percentage. 

98974°—17——3 
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As a whole, then, figures 17, 18, and 19 indicate that water is gained 
most rapidly during the first week by soils having about 8 per cent of 
moisture. After the first week the gain increased uniformly with 
decrease in initial percentage. 

The relatively small decrease in the attractive force for water with an 
increase in initial content up to 8 per cent, together with the greater 
ease with which moisture moves through the soil with.an increase in 
water content, allows the maximum movement in the first week in the 
soil having 8.24 per cent. The slight gain in weight even for the first 
week in the soils with more than 8 per cent of moisture seems to indicate 
a marked decrease in the attractive force for water above this point. 

That this is true seems to be shown, because after the first week, 
when the moisture content had risen somewhat, hardly any appreciable 
gain was observed. In the soils having less than 8 per cent the resist- 
ance of the dry soil to moisture movement prevented an equilibrium from 
being established as soon as in the wetter ones. Consequently a con- 
siderable movement will take place in the dry soil after the wet one has 
apparently come to rest. It must be kept in mind that the source of 
water was an unsaturated soil which itself has great water-holding power, 
as pointed out by Briggs and McLane (6) and Bouyoucos (3). With 
every loss of moisture from the source into the drier soil there is a stronger 
resistance to the movement in the wet soil. Only soils with a very 
great attractive force for water can draw water out of such a soil for any 
length of time. 


EFFEct ON DISTRIBUTION WITH A LARGE AMOUNT OF UNSATURATED Som, AS THE 
SouRCE OF MOISTURE SUPPLY 


In the fourth experiment on the effect of initial percentage on the move- 
ment of soil moisture, columns of soil formed by filling eight sets of brass 
tubes of three sections each with Greenville loam having 1.49, 3.27, 4.83, 
10.21, 12.44, and 14.20 initial percentages were inserted to a depth of 
about 4 inches into Greenville loam containing 30.45 per cent of water. 
This wet soil was held in a moisture-proof wooden tub. The tubes of 
soil were inserted horizontally through eight holes bored in the sides of 
the tub. The apparatus presented the appearance of a wheel with the 
hub as the source of moisture. The open ends of the tubes and the top 
of the tub were carefully sealed to prevent all loss of water by evapora- 
tion. The experiment lasted from May 24 until September 12, 1916, 
when the tubes were removed and the moisture determined for each 
2-inch section of the eight 24-inch tubes. 


Figure 20 gives the average moisture content for each of the eight 
columns of soil. Scarcely more than a 2 percent difference is found 
between the highest and lowest moisture contents. The column of soil 
originally having 4.83 per cent of moisture absorbed the most water, while 
that with an initial percentage of 10.21 had the least. 
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The graph indicates that, where a soil is given sufficient time in contact 
with a larger quantity of unsaturated soil, the initial percentage of 
moisture has no effect on the final moisture content. 

It is quite probable that the small fluctuations shown in the figure 
were produced by variations in the compactness of the soil in the tubes, 
for it is very difficult to get the same amount of dry and wet soil in the 
same space without compacting them differently. That this is the 
explanation is supported by the fact that the tubes containing soil with 
initial percentages of 4.83 and 10.31 contained, respectively, 703 and 603 
gm. of dry soil. 
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Fic. 20.—Diagram showing the effect of the initial percentage of water on the final moisture content of soils 
in contact with a wet loam having 30.45 per cent of water. 


EFFECT OF VARIATION IN INITIAL PERCENTAGE IN SOURCE OF SUPPLY 


Downward and upward movements as affected by varying initial per- 
centages in the source of water supply were studied in this experiment. 
Here 12 glass cylinders 14 inches tall and 2 inches in diameter were 
filled with Greenville loam containing 2.12 per cent of water. Twelve 
similar cylinders were filled in duplicate with Greenville loam having 
15.87, 18.48, 20.24, 24.55, 27-74, and 29.9 per cent of moisture, respect- 
ively. 

In one set the moist soil was placed above and in the other set beneath 
the dry soil, in order to study the downward and upward movements. 
Good contact was secured between the dry and wet soil before the joints 
were sealed with paraffin. After six months (from Mar. 13 to Sept. 
14, 1916) the tubes were taken down and the moisture determined 
in each 2-inch section. The rise and descent of the water in the dried 
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soil was observed through the glass and recorded for the first 46 


days. These movements are shown in graphic form in figure 21. 


In 





2s 





A 





pPword in inches. 


g 





g 











Total movement u 


& 











y s 0 } PY 25 Jt 55 “441 





Time in days. 





























3 7 75 2 2 30 a F0 
3 
£ 
© 
§ 
S 425) 
S —y 
» a 1587-2 
\ - x< 
X 
> : 
g 
S25 _ 
x Ps meee, E255 < 
x » Ne ha — = 
% a 
R575 
; a : 
e 20,2 *¥ 
N ite. 
Py ” PO esas, 
NS : = ASS x ne eas 
Ne a —— 
x ¢ i, : 
S ™ ° 22 >. Yee 
R Sy . ae 
~ be 
ig m= 
625 > i= 
~< wer 
es, 
250 a 





. 
ek 
eo oe, 








Fic. 21.—Diagram showing a comparison olf the rate of capillary movement of moisture upward and down- 
ward through air-dry Greenville loam with a varying moisture content in the source of supply. 


all cases the greatest rise and descent took place where the source of 
water was the.soil with the greatest initial percentage of moisture. 


The 
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figure shows that as the initial percentage of water in the wet soil de- 
creased, the length of time of the rapid moisture movement also decreased. 

It was also found that the water moved downward into the soil faster 
than it moved upward and that an approach to an equilibrium is reached 
sooner by the downward movement. The moisture moved down 
farther than up during these 46 days. From this experiment it is seen 
that loam soil with as high as 18.5 per cent of moisture gives up water 
to air-dry soil at a very slow rate, especially after the first week. In all 
cases the rapid movement into the drier soil had practically ceased by 
the end of the first week. 


EFFECT OF GRAVITY 
WITH VARYING INITIAL PERCENTAGES OF MOISTURE IN THE SOURCE OF SUPPLY 


The data for the first part of this experiment on the effect of gravity 
on the movement of soil moisture were taken from the above experiment. 
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Fic. 22.—Diagram showing the average final distribution of moisture which moved upward and down 
ward by capillarity through Greenville loam, air-dried, with a varying moisture content in the source 
of supply. 


Figure 22 shows how the average moisture content in each of the 
cylinders that originally had 2.12 per cent of moisture was affected by 
gravity where different quantities of water in the soil were used as 
sources of supply. That gravity plays relatively little part in the 
distribution of moisture in dry soils where the sources of water are 
moderately moist soils is the conclusion from this figure. There was 
slightly more moisture in the soil supplied by upward movement where 
the initial percentage of water in the soil supplying moisture was rather 
low, but the reverse was true elsewhere. * 








142 Journal of Agricultural Research Vol. X, No. 3 





With A LARGE SOURCE OF MOISTURE SUPPLY 


In the second experiment on the effect of gravity a tub similar to 
one described in a previous experiment was used. In this case the 
brass tubes were filled with Greenville loam having a moisture content 
of 5.54 per cent, while the tub contained Greenville loam with a mois- 
ture percentage of 30.25. 
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Fic. 23.—Diagram showing the effect of gravity on the quantity of water moved by capillarity through 
Greenville loam from similar soil containing 30.25 per cent of water as the source of supply. 


The brass tubes were arranged in the form of a wheel, so that two 
were vertical, two horizontal, and four at angles of 45°. At the end 
of the experiment, which lasted from May 26 until September 13, 1916, 
the tubes, which had been weighed before being placed in contact with 
the moist soil, were taken down, reweighed, and the moisture content 
determined for each 2-inch section. 

Figure 23 represents diagrammatically the position of the tubes and 
the moisture gained by each tube, the length of the line in the figure 
representing the moisture gained. 
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The greatest and least gains in moisture, as shown by the figure, took 
place where the movement was vertically down and up, respectively. 

In the order of the quantity of water gained, the tubes were as follows: 
Vertically down, 45° down, horizontal, 45° up, and vertically up. In 
other words, gravity plays a very appreciable part in moisture move- 
ment where the source of supply is a fairly large mass of comparatively 
moist soil. 

EFFECT OF SOIL TYPE 


WHERE MoIstuRE MovED UPWARD FROM GREENVILLE LOAM INTO DIFFERENT 
Son, Types 


Greenville loam containing 28.36 per cent moisture was placed in bell 
jars 6 inches in diameter and 10 inches deep. These jars were sealed 
at the bottom. Through small openings in the top, glass tubes filled 
with air-dry clay, Greenville loam, and sand were inserted into the 
bell jars so the tubes were held vertically. The tops of the tubes and 
the junction with the bell jars were carefully sealed. From time to 
time during the experiment, which lasted from May 29 until October 
18, 1916, the rise of the moisture in the tubes was recorded. At the 
’ end of the test the tubes were taken down and the moisture determined 
for each 3-inch section. 

In figure 24 is shown the distribution of moisture by 3-inch sections 
in each of the three soil types. The figure shows a decrease in moisture, 
with an increase in distance from the point of contact with the moist soil. 
This decrease was rather gradual in the loam and sand, but was more 
abrupt in the clay. 

Coarse sand, such as was here used, drew into itself a very low per- 
centage of water, while clay took sufficient to increase its own moisture 
content to nearly that of the loam acting as the source of supply in 139 
days. In the case of the loam, the moisture in the tube blended almost 
without a break into that of the sowrce of supply. 

The moisture moved farthest in the loam and least in the clay. This 
shows that clay offers considerable resistance to the movement of mois- 
ture, even when the source of water is a large mass of fairly moist loam. 


WHERE MolstuRE MOvED HoRIZONTALLY FROM GREENVILLE LOAM INTO DIFFERENT 
Types oF Sor, 


In this case the Greenville loam, containing 30.45 per cent of water, to 
act as source of moisture, was placed in a tub similar to those described 
in previous experiments. Soils of the types shown in Table II, held in 
24-inch brass tubes, were inserted horizontally into the tub, and the 
whole apparatus was well sealed. 

The experiment was begun on May 24, and on September 11, 1916, the 
moisture determination for each 2-inch section was made. 
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Fic. 24.—Diagram showing the effect of type of soil on the distribution of capillary moisture at different 
distances from the source of supply, after standing for 139 days. The source of supply was Greenville 


loam containing 28.36 per cent of moisture. 


TaBL& II.—Air-dry soil types contained in the tubes used in tests of horizontal movement 
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Figure 25 gives the distribution, by 4-inch sections, in each of the 
tubes. Here, as in the previous experiment, it is shown that the moisture 
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Fic. 25.—Diagram showing the effect of type of soil on the distribution of capillary moisture at different 
distances from the source of supply. The source of supply was Greenville loam containing 30.45 per cent 
of moisture. 


tends to distribute itself with the greatest content nearest, and the least 
content farthest, from the source of supply. 

This difference is not so great with the loam and the mixture of sand 
and loam, but it is very marked in the clay, the clay plus sand, and the 
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sand plus muck. Evidently where there is a large supply of moist soil, 
the moisture will tend to distribute itself uniformly throughout the soils 
to the full length of the tube. This tendency may be checked by an 
insufficient length of time, a weak attraction of the more remote sections 
for water, excessive frictional resistance such as is found in clay soils, or 
an exhaustion of the supply before the remote soil is reached. 


Wxere Moisture Movep Upward From DirFERENT Son, TYPES TO GREENVILLE 
LoaM 

In this experiment studies were made of the ability of different soil 

types to supply moisture to Greenville loam. This was done by placing 

in bell jars, such as were used in a previous experiment, sand, clay, and 

Greenville loam having 7.77, 24.62, and 31.09 per cent of moisture, 


Percentage of mosture in Greenville Loam af various distances 
from source of supply 


a a a a a a ee snk 7 a a) aT) 




















RS 


» 





G@e e’Bo® 


3 
% 
{ 

: 
8 
: 
~ 
~ 
2 
£ 
x 
c 
& 
2 
N 
a 
S 





Fercent moisture in source of Supply 


Send 277 [Greenville Loam 5/03 J (Clay 24.62 wall 

















Fic. 26.—Diagram showing the distribution of moisture in air-dried Greenville loam in contact with sand 
having 7.77 per cent, Greenville loam having 31.09 per cent, and clay having 24.62 per cent of moisture. 


respectively. Into these jars were then inserted the 34-inch glass tubes 
filled with air-dry Greenville loam. A record was kept of the rates the 
moisture rose in each of the tubes. After the experiment had run 94 
days, the tubes were removed and moisture determinations made for 
each 3-inch section of the tubes. 

In figure 26 it is seen that here, as in the two previous experiments, 
the moisture content decreased with the distance from the source of 
water. Sand with only 7.77 per cent of moisture raised the moisture 
content of air-dry loam with which it was in contact to almost 30 per 
cent, and caused an appreciable increase in the moisture to a distance of 
over 30 inches. Clay containing 24.62 per cent of moisture, on the other 
hand, raised the moisture of the loam only slightly and to a distance of 
about 6 inches. When dry loam was left in contact with loam con- 
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taining 30 per cent of water, the former gained moisture for the first 21 
inches only. The results indicate the value of fairly moist sandy strata 
as sources to supply moisture for heavier soils above, and the inadequacy 
of heavy soils below as moisture supplies. 


RaTE OF Risk OF MOISTURE 


Figure 27 shows graphically the rate of rise of moisture obtained from 
the last two experiments on the effect of soil types. The most striking 
features of the curves are the extremely small rise of moisture from clay 
into loam and the exceedingly large and rapid rise from sand into loam. 
Other interesting points in the curves are (1) the small difference in the 
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Fic. 27.—Diagram showing the effect of type of air-dried soil on the rate of capillary movement from various 
soils used as a source of supply. 


rapidity and the total rise from sands having high and low moisture 
contents into loam; (2) that this rise shows no sign of ceasing even after 
94 days; (3) that movement from loam into loam, where the source of 
supply contains a large percentage of moisture, is quite rapid, but very 
slow where the source of moisture contains but 15 per cent of water; 
(4) that movement is at first quite rapid from loam into sand, but exceed- 
ingly slow after two weeks; (5) that movement from moist loam into 
clay is fairly slow, but continues for a considerable length of time. 

These facts show the importance of having coarser subsoils rather than 
the reverse, because moisture moves slowly into them and rapidly up 
out of them into heavier soils above. 
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EFrrect oF LAYERS OF DIFFERENT Sor, TYPES 


In the fifth experiment with soil types, bell jars filled with soil con- 
taining 14.7 per cent of moisture were used as sources of water supply 
for mixtures of soil types in glass tubes 34 inch in diameter. The bell 
jars and glass tubes were arranged as in the previous experiments. In 
the first trial the soil in the tube consisted of a layer of sand followed 
by a mixture of sand and loam, then loam alone, and finally clay. 
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Fic. 28.—Diagram showing the rate of capillary movement through soil columns composed of layers of 
different types of soils. 


In the second test the order of the soil types was reversed, the clay being 
nearest the source of supply. A record was kept of the rate of movement 
in each of these tubes, and the results are presented in figure 28. 

With the soil increasing in fineness from the source of water, the curve 
shows a considerable and prolonged rise, while with the reverse order 
of fineness, the rise was very rapid for the first few weeks, but a decided 
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falling off occurred when the coarser layers were reached. In the latter 
soil type an equilibrium was approached fairly rapidly,, while in the first 
there was still an appreciable movement after 139 days. 


EFFECT OF SOURCE OF WATER SUPPLY 
In GREENVILLE 1OAM 


In the discussion of figures 24, 25, and 26 it was pointed out that 
moisture tends to distribute itself with the greatest content nearest and 
the least content farthest from the soil acting as source of supply, no 
matter whether this soil be clay, loam, sand, or different soil types. 

Figure 29, which represents the results of data taken from the experi- 
ment on the effect of initial percentage on the horizontal distribution 
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Fic. 29.—Diagram showing the horizontal distribution of capillary moisture at various distances from the 
source of supply in Greenville loam with different initial percentages of moisture. The source of supply 
in each case was Greenville loam with 30.45 per cent of moisture. 


of moisture in soils in contact with a large amount of unsaturated Green- 
ville loam, shows that no matter whether the movement takes place 
in soils of low or high initial moisture there is always more moisture near 
the source of supply than farther away. ‘The figure shows that the differ- 
ence between the nearest and the most remote sections is practically 
the same, irrespective of the original moisture content. 


IN DIFFERENT Soi, TYPES 


These data were taken from the experiment on the effect of soil types 
where moisture moved horizontally from Greenville loam into different 
soil types. 

Figure 30 shows the variation in the content of different soil types at 
different distances from the tub containing the moist Greenville loam. 
Here, again, are brought out the points illustrated in figures 24, 25, 26, 








150 Journal of Agricultural Research Vol. X, No.3 





and 29. The figures, however, show even more clearly the great part 
played by soil types in determining the amount of moisture and the dis- 
tance that it will travel from the source of supply in a relatively short 
time. For instance, very coarse and very fine soils (sand and clay) 
show the greatest variations, while in loam the difference is scarcely 
appreciable. 

WITH THE ACTION OF GRAVITY 


To show the effect of the distance from the source of water with gravity 
acting, figure 31 has been prepared from the data of the experiment rep- 
resented in figure 23. It shows the distribution by 2-inch sections in 
the tubes which were in contact with moist Greenville loam in the tub. 
Here it is noticed that distance from the source of supply plays little or 
no part in the moisture content of the tubes, that were vertically and 45° 
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Fic. 30.—Diagram showing the horizontal distribution of capillary moisture at various distances from 


the source of supply in soils of different types. The source of supply in each case was Greenville loam 
having 30.45 per cent of moisture. 


down. Where the movement was horizontal or up, however, the greatest 
moisture content was nearest the source of supply. The largest differ- 
ence between the section nearest and that most remote from the wet 
soil was found in the column with the movement vertically up. 

Figures 24, 25, 26, 29, 30, and 31 lend excellent support to each other 
in showing that, except where gravity acts, moisture will distribute 
itself with the largest amount nearest and the smallest quantity farthest 
from water held in moist soils, even after several months. 


SUMMARY 


(1) During recent years considerable difference of opinion has grown 
up regarding the importance of the capillary movements of soil moisture 


and also regarding the laws governing the final distribution of moisture 
in the soil. 
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(2) The present paper gives the results of soil-moisture experiments 
conducted in the laboratory and in the field under irrigation and dry- 
farming conditions. The experiments represent several thousand mois- 
ture determinations. 

(3) The field studies include the effect of fallow, kind of crop, manure, 
irrigation water, surface mulches, cultural methods, and seasonal condi- 
tions on the movement and distribution of soil moisture. 

(4) The laboratory studies include the effect of the initial percentage of 
moisture, gravity, soil type, source of supply, etc., on the movement and 
distribution of moisture in the soil. 

(5) In field soils the moisture content of the fallow soils averaged 
greater than that of the cropped soils. 
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Fic. 31.—Diagram showing the distribution of capillary moisture at various distances from the source 
of supply as affected by gravity. The source of supply in each case was Greenville loam with 30.25 per 
cent of moisture. 


(6) Unmanured irrigated land showed less difference in moisture 
between cropped and fallow than did the manured. 

(7) Irrigation influenced the top feet of the cropped plots proportion- 
ately more than the fallow, but water did not appear to penetrate the 
fallow plots below 7 feet as readily as it did the cropped ones. 

(8) Under dry-farming conditions the difference in moisture between 
cropped and fallow plots was not noticeable until after June 16. Cropped 
plots showed more fluctuation than fallow ones. Wheat, corn, potatoes, 
and peas drew most of their moisture from the first 4 feet in depth. The 
wheat land contained less moisture in the fall than the other cropped 
soils, with corn following. 

(9) The increase in moisture due to applications of 5 to 714 inches of 
irrigation water was felt to depths of 10 feet in 24 hours, although most 
of the increase was in the first 4 feet. 
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(10) The effect of mulches in preventing moisture loss under both irri- 
gation and dry-farming was noticeable several feet below the surface of 
the ground, but the surface foot showed the greatest benefit from mulches. 
A straw mulch proved considerably better than a 2-inch soil mulch. 

(11) Mulches on irrigated plots appear to influence the moisture content 
of the soil to greater depths than do those under dry-land conditions. 
A dry-farm plot kept free from weeds in 1916 but not mulched lost very 
little more water than one mulched 2 inches deep. A 6-inch cultivation 
on spring-plowed and a 2-inch cultivation on fall-plowed dry-farm land 
seemed to conserve the moisture best. 

(12) Subsoiling 15 inches deep had little influence:on the moisture; 
spring disking was rather a distinct benefit. 

(13) That spring plowing under dry-farming conditions at Nephi con- 
serves moisture better than fall plowing is indicated by an 8-year aver- 
age. This difference in favor of spring plowing is shown more below the 
first foot than in the first foot, and more in the summer and fall than in 
the spring. 

(14) A precipitation as small as 0.1 inch under dry-farming conditions 
could not be detected in moisture determinations soon after, but, when as 
much as 0.5 inch fell within a short time, an increase in moisture was 
noticed to a depth of 6 feet. 

(15) When freely supplied with water, a soil with a high initial per- 
centage of moisture will come to a moisture equilibrium sooner than a 
drier one, but if given time the drier soil will absorb a greater quantity 
through a long distance either upward or downward than will the wet one. 

(16) The rate of moisture penetration in the first 10 days was nearly 
twice as great with initial percentages above 15 as with 5 or below, and 
nearly twice as rapid after a 15-inch irrigation as after a 5-inch one. 
Under the most favorable conditions 7 feet was influenced in 10 days. 

(17) Moisture movement from soils of optimum moisture content into 
soils of differing initial percentages varied to an extent inversely as the 
initial content of the dry soil. At the end of six weeks, however, the 
amount of water actually in the soils still varied directly as the initial 
percentage. ; 

(18) The higher the percentage of moisture in the soil supplying the 
water to a dry soil, the more rapidly and farther from the source of water 
did the moisture move. 

(19) Even when the source of water was an unsaturated soil, greater 
and faster movement took place when the water was moving downward 
than upward. When the quantity of soil yielding the water was so 
small as to make the total moisture content of both moist and dry soils 
very low if equally distributed, the effect of gravity was not great. 

(20) Moisture from a nearly saturated soil moved a greater distance 
into loam than into sand in 139 days and into sand farther than into 
clay. The clay, however, contained more moisture in the layer of soil 
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next the water supply than the others and sand contained by far the 
least. 


(21) Sand, with 7.77 per cent of moisture, gave up its moisture to 
loam much more readily than did loam with 31.09 or clay with 24.62 per 
cent of moisture. 

(22) The rate of rise of moisture from soils of varying fineness when 
used either as water sources or water absorbers varied inversely with 
the fineness. Water rose to a height of over 30 inches in a loam soil 
from a moist sand in 94 days, while from a moist clay it rose little more 
than 6 inches in this length of time. In all soils the most rapid rise of 
the water was during the period soon after being placed in contact with 
the water. 

(23) Although the rise of the moisture was more rapid in the sand 
and loam than in the clay, the rise continued steady longer in the clay 
than in the others. 
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